ABSTRACT The direct measurement of 13C chemical shift anisotropies (CSA) and 31P-13C dipolar splitting in random dispersions of unlabeled La-phase phosphatidylcholine (PC) has traditionally been difficult because of extreme spectral broadening due to anisotropy. In this study, mixtures of dimyristoyl phosphatidylcholine (DMPC) with three different detergents known to promote the magnetic orientation of DMPC were employed to eliminate the powder-pattern nature of signals without totally averaging out spectral anisotropy. The detergents utilized were CHAPSO, Triton X-100, and dihexanoylphosphatidylcholine (DHPC made by extrapolating shifts and couplings from the detergent titrations to zero detergent. Both detergent titrations led to similar "intrinsic" CSAs and dipolar couplings. Results extracted from an oriented Triton-DMPC mixture also led to similar estimates for the detergent-free DMPC shifts and couplings. The results from these experiments were found to compare favorably with limited measurements made from pure La: PC. This detergent-based method for assigning spectra and for determining dipolar couplings and CSA in detergent-free systems should be extendable to other lipid systems. The resulting data set from this study may prove useful in future modeling of the structure and dynamics of DMPC bilayers. In addition, the fact that experiments utilizing each of the three detergents led to similar estimates for the spectral parameters of pure DMPC, and the fact that spectral parameter versus bilayer order plots were linear, indicate that the averaged conformation and dynamics of DMPC in the presence of the three detergents are very similar to those of pure La DMPC.
INTRODUCTION
It has been demonstrated that the use of oriented membrane samples can greatly facilitate spectral assignments and the measurement of spectral parameters in solid state NMR studies of isotopically labeled biomolecules (1) (2) (3) (4) (5) (6) . In this contribution, possible sources of structurally useful anisotropic NMR data from unlabeled lipids are explored, using magnetically oriented model bilayers.
At least three detergent-like molecules are known, which will promote the magnetic orientation of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayers above the gel to liquid crystalline phase transition of DMPC (24°): dihexanoyl phosphatidylcholine (DHPC) (7), 3-[(3-cholamidopropyl)-dimethylammonio]-l-propane sulfonate (CHAPSO) (8) , and a - [4- (1,1,3,3, -tetramethylbutyl)phenyl] -w-hydroxypoly(oxy-1 ,2-ethanediyl) (Triton X-100) (Sanders, C. R. et al., manuscript submitted for publication). It is believed that the essential bilayer morphology and Lalike properties of DMPC are preserved in the oriented mixtures at the appropriate temperatures (7, 8) .
Previous 13C NMR studies employing magnetically orientable systems have focused on the spectra of '3C-labeled additives into the oriented DMPC matrix (5, 6) . In those studies the natural abundance '3C spectrum arising from DMPC and the orientation-promoting detergents were not carefully analyzed and were generally regarded as a nuisance because of overlap with signals from the labeled molecule of interest. In this contribution, the neglected '3C spectra from the DMPC matrices are considered in detail.
The referencing of 13C spectra proved to be problematic because standard internal reference molecules are probably non-polar enough to interact with the amphiphilic aggregates (leading to non-isotropic averaging of their chemical shifts). External referencing was ruled out by the probability that the highly concentrated lipid samples possess different bulk magnetic susceptibilities than aqueous isotropic solutions. Thus, we generally used ethylene glycol (64.0 ppm) as an internal reference. Because its resonance overlaps with headgroup/glyceride peaks, spectra were first acquired in the absence of the reference (and are the ones presented in this paper) followed by addition of the reference and reacquisition of the spectrum. Theory. In samples (such as those of this study) where bilayers are oriented with their normal perpendicular to the magnetic field of the spectrometer and the lipid molecules execute axially symmetric longaxis rotations about the normal, 13C_ 31P dipolar coupling (Av', Hz) can be expressed: Av = -24473 *-1/2 * Sbilayer K(3 cos2-1)* r-3/2> (1) where r is the instantaneous internuclear distance (A) between the carbon and the phosphorus and 0 is the instantaneous orientation of the internuclear vector with respect to the motional director (i.e., the bilayer normal). 
where ann are the principal components of the relevant static CSA tensor. On are the direction cosines between the nth CSA principal axis and the motional director axis (i.e., the bilayer normal) (9) . Sbilayer and the averaging brackets maintain the same definitions as given for Eq. 
Results
Key spectral parameters
The primary experiments described in this paper involve titrations of DMPC with DHPC, CHAPSO, and Triton X-100 followed by I3C NMR (Figs. 1-3) . The tra (15) (16) (17) . The result of this second effect is that the individual components ofboth dipolar and scalar multiplets exhibit differing relaxation rates (and hence linewidths). Under isotropic conditions, and in the absence of scalar coupling, this effect can also be detected by non-exponential relaxation of singlets' ( 18 As noted, the DLBs observed in some ofthe spectra of Figs. 1-3 are reproducible and do not result from the apodization involved in producing the spectra depicted. 'H dipolar coupling is unlikely to be involved, since decoupling was complete at the decoupling power used. However, unequivocal discernment of the exact nature ofthe DLB is not trivial and extends beyond the scope of this contribution. This matter is complicated by the fact there is no quantitative theoretical description of relaxation-based DLB under anisotropic conditions. Nevertheless, Oldfield's data and the observation of such effects in Figs. 1-3 In order to assign the oriented A, G 1, and G3 resonances, the 1:3.5 CHAPSO:DMPC spectrum taken at 67.9 MHz was compared with a spectrum of a sample having a similar Sbilayer taken at 125.8 MHz (Fig. 4) . By comparing the two spectra it was possible to tentatively ascertain which resonance pairs represent dipolar doublets. One doublet was found as having a large coupling constant ( 125 Hz). The size ofthis doublet and the constraint that the averaged term of Eq. 1 cannot exceed 1.0/ r-3> dictates that this doublet must be assigned as G3 (the sn-3 carbon). One ofthe other two doublets can be followed rather easily throughout the titration and can be observed to converge upon the GI /G3 isotropic shift range. This doublet can be assigned to G 1. The remaining doublet must be ,B. The and G3 carbons are not readily identified at other non-isotropic points in the titration (for which no 125.8 MHz data is available) such that their assignment is made only for the 1:3.5 sample and should be regarded as tentative.
Both chemical shifts and dipolar couplings can be observed to converge upon their isotropic values (0 for dipolar coupling) as CHAPSO content is increased. As described in the Theory section, if this scaling results only from a decrease in overall system order, both Ab and AP should scale linearly toward 0 as a function of SbilayerDipolar couplings and CSA are plotted in Fig. 5 as a function of Sbilayer. It should be noted that most spectra were processed a number of times with different degrees of resolution enhancement. Thus, couplings, which are not evident in the spectra explicitly shown in Fig. 1 4 "3C ('H-decoupled) GI /G3/# spectral region from oriented DMPC samples at 400 having similar Sbilayers at differing magnetic fields (see labels). Top: 1:2.5 DHPC:DMPC, 25% total amphiphile. Middle: 1:3.5 CHAPSO:DMPC, 25% total amphiphile. Bottom: 1:3.0 CHAPSO:DMPC, 30% total amphiphile. All three spectra were produced following zero-filling, Gaussian multiplication, and Fourier transformation of4,096 point free induction decays. The sample represented by the bottom spectrum also had a small amount of fl-dodecyl 6-deoxyglucopyranoside present (glycoside:DMPC molar ratio = 1:17) which did not appear to perturb the 13C spectrum ofthe DMPC matrix. The assignments should be regarded as tentative.
enhancement. Error bars have not been drawn in Fig. 5 , but are typically ±5 Hz for the coupling data and ±0.3 ppm for CSA. Additional data for peaks which underwent little change in A6 during the titrations are summarized in Table 1 . It can be observed in Fig. 5 that average lines can be drawn having an origin at (0,0) which fit virtually all points within experimental error bounds. This data suggests that perturbation of the averaged structure of the glycero/headgroup regions of DMPC within CHAPSO-DMPC aggregates is minimal. This result also indicates that linear extrapolation ofthe average line through each data set (and through 0,0) can provide a reasonable approximation ofthe splitting in CHAPSOfree DMPC bilayers. These values are given in Table 1 . The signs of the dipolar couplings are not known. It should be noted that the fact that only two measurements were made for the d and C3 carbons, (at Sbilayer = 0.53 and 0.51) dictates that estimated parameters for these peaks have substantial uncertainty. The validity of the above approach can be probed by repeating titrations using DHPC instead of CHAPSO and comparing results between titrations involving the two detergents as shown below.
DHPC titration of DMPC
Spectra from titrations of DMPC by DHPC are illustrated in Fig. 2 ; additional points not shown are represented in Fig. 6 . It can be observed that the features of these spectra are similar to those of the CHAPSO series, except that all DMPC peaks are now "mirrored" by DHPC peaks. As described elsewhere (8) , the DHPC peaks generally exhibit couplings and CSAs which are scaled somewhat towards their isotropic extremes relative to their DMPC counterparts. Despite some increased spectral cluttering, most DMPC peaks can still be identified and followed throughout the titrations. In cases of uncertainty, assignments could sometimes be made by comparing CHAPSO-DMPC spectra from samples having similar Sbilayers. The 125.8 MHz Sbilayer = 0.5 CHAPSO-DMPC spectrum shown in Fig. 4 was again of assistance in identifying DMPC A3, G1, and G3 doublets (see previous section).
The splittings and CSA from this titration are illustrated in Fig. 6 . Experimental uncertainty is the same as for the CHAPSO titrations. It is evident that each data set can be fit, within experimental error, by a straight line having an origin at 0,0. Thus, the perturbation of the phiphiles appears to be fairly minor, validating extrapolation of data to pure DMPC (Sbilayer = 1.0) as shown in Table 1 .
Comparison of the coupling and CSA parameters for detergent-free DMPC bilayers estimated from both DHPC and CHAPSO titrations shows excellent agreement (Table 1) .
Triton-DMPC mixture
In order to provide an additional test of the validity of our determination of "pure DMPC" spectral parameters, oriented Triton X-100-DMPC mixtures were also examined. The spectrum of an oriented 1:5 Triton:DMPC mixture is illustrated in Fig. 3 . CSA and dipolar couplings which can be measured with certainty are listed in Table 1 and have been corrected for the Sbilayer (0.95) determined as described in a previous section for this mixture. It can be observed that the splittings and dipolar couplings estimated for pure DMPC from the Triton experiments agree reasonably well with the estimates made from CHAPSO and DHPC titrations.
One unusual feature of the Triton X-100-DMPC spectrum shown in Fig. 3 is the 'y-methyl resonance. At a high level of resolution-enhancement (see inset) it appears to be split more than once and is asymmetric. A similar pattern can be observed in the y resonances from DHPC and DMPC titrations when spectra are processed with a higher degree of resolution enhancement than used to produce the spectra in Figs. 1 and 2 (not shown). The complexity of this resonance may arise from '3C-"'N scalar and/or dipolar interactions superimposed upon a small 31P-'3C dipolar coupling, though this is difficult to establish with certainty. In any case, it appears that the -y carbon-phosphorus dipolar interaction must be very small (< 15 Hz).
The estimates for the intrinsic spectral parameters of pure DMPC at 400 from Triton, DHPC, and DMPC experiments can be averaged and assigned uncertainties as shown in Table 1 .
Comparison of detergent-derived results with data obtained from detergent-free DMPC
The results of the detergent titration experiment were used as guides in the reinterpretation ofthe '3C spectrum from unoriented DMPC (Fig. 7) . While it is unorthodox to apply resolution enhancement techniques to powder pattern spectra, such apodization can be employed to help locate the most intense (90°director orientation) component ofaxially symmetric powder patterns. In this manner, the Ab of C2', C14, G2, a, C02, and COl resonances could be roughly measured along with dipolar couplings for C02, a, and G2 (Table 1) . It can be observed that both couplings and CSA agree with the results from the detergent titrations, within the substantial experimental uncertainty. Ab for CO1 and C02 have been previously observed to be -10.7 and 1.0 for CO1 and C02, respectively, in labeled DMPC dispersions at 300 (23) . These values are in reasonable agreement with those determined in this study as shown in Table 1 . The small difference between current and previous results for CO is probably due both to the 100 difference in temperatures used in the two studies and to the inclusion of 100 mM KCl in the samples of this work. ASs for glass-plate oriented egg yolk PC in an La-like state at 200 in the absence of salt have been measured by Cornell and his co-workers ( 12) . Their results are listed in Table 1 and display excellent agreement with the results ofthis study, despite differences in sample contents and conditions. It should be noted that while oriented samples were used in both the previous and the present studies, the resolution of the spectra from magnetically oriented samples ap- pears to be much higher than that from glass-plate oriented samples.
DISCUSSION
The titration-based methodology presented in this paper led to a considerable body of CSA and dipolar coupling data for DMPC. While the uncertainties in the parameters thus determined are significant, it can be argued that a large volume of data of moderate accuracy is sometimes preferable to a few very precise measurements. This is particularly the case when experimental data is used in conjunction with computational techniques such as molecular dynamics, rather than being solely relied upon to provide an analytical solution of structure. The success of this method is based upon the fact that despite the presence ofsubstantial quantities ofthree different detergents, DMPC appears to maintain a remarkably constant averaged structure. A simple analysis of Eq. 1 demonstrates that even small perturbations of the average P-C internuclear distance or vector orientation with respect to the bilayer normal can produce dramatic changes in splitting. The agreement of parameters obtained from each of the three detergent titrations and from pure DMPC, as well as the linearity of the data from DHPC and CHAPSO titrations, indicate that any perturbations in local structure are minor. The molecular origins of this structural resiliency are difficult to assess, since the nature of the detergent-DMPC aggregates is not exactly known (7, 8) .
Extension of this titration-based method to other problems of assignment and measurement can be envisioned along two primary pathways. First, extension can be made to the study of dilute additives to DMPC bilayers. Barring sensitivity problems, such studies may often be fairly straightforward, especially since most de- tergent and DMPC peaks can be identified in advance from the spectra in Figs. 1-3 . A second potential extension of the method would be to bilayer matrices composed predominately of lipids other than DMPC. However, this will first require the development of detergent-based, magnetically orientable bilayers composed ofother lipids such as phosphatidylethanolamine. Whether this is possible remains to be seen.
Finally, it should be noted that the data set generated in this experiment may be of use in future modeling of the highly complex conformational dynamics of La,-DMPC. Dipolar coupling data is especially useful because it is effectively a vectorial interaction and, unlike CSA, has a static magnitude which is defined by invariant nuclear properties rather than by a chemically-based (and perturbable) static tensor. However, even CSA data is becoming more usable in structural analyses due to progress in the determination of static CSA tensors in biomolecules and suitable model compounds (24, 25) .
